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In zebra®sh embryos, the nascent embryonic shield ®rst appears as a thickening in the germ ring of the mid-epiboly
blastoderm. This site de®nes the dorsal side of the developing embryo. In this paper, we report that the site of embryonic
axis formation is marked earlier at the late-blastula stage by the appearance of a cluster of cells with unique endocytic
activities. This cluster of cells is composed of enveloping layer epithelial cells and one to two layers of underlying deep
cells. Unlike other marginal blastomeres, cells in this cluster do not participate in involution as the blastoderm undergoes
epiboly. These noninvoluting endocytic marginal (NEM) cells can be selectively labeled by applying membrane impermeant
¯uorescent probes to pre-epiboly and mid-epiboly embryos. During embryonic shield formation, deep cells in the NEM
cell cluster rearrange and are displaced forward to the leading edge of the blastoderm. As deep NEM cells move into this
location, they become a group of cells known as ``forerunner cells.'' Between 60%- and 80%-epiboly, the forerunner cells
coalesce into a coherent cell cluster that forms a wedge-shaped cap at the leading edge of the blastoderm. During embryonic
axis formation, deep cells migrate and converge toward the embryonic midline, which is de®ned by the center of the
forerunner cell cluster. At approximately 90% epiboly, the forerunner cell cluster becomes overlapped by the constricting
germ ring. At tailbud stage, forerunner cells form the dorsal roof of Kupffer's vesicle, which is located ventral to the nascent
chordoneural hinge. On the basis of previous grafting studies and known dorsal gene expression patterns, we discuss
possible roles that the NEM/forerunner cell cluster may play in teleost axis formation. q 1996 Academic Press, Inc.
INTRODUCTION axis organizing center is present in the early teleost blasto-
derm (Morgan, 1895; Hoadley, 1928). However, by the early-
gastrula period, an embryonic axis within the blastodermThe cellular movements that generate body axis forma-
appears to have become speci®ed (Long, 1983). Similar totion in teleost embryos take place on the surface of a large
the dorsal lip in amphibians, the embryonic shield of theyolk cell, which itself expresses complex motile activity
teleost blastoderm will induce a secondary embryonic axis(Warga and Kimmel, 1990; Trinkaus, 1993). Following fertil-
when it is grafted into ventral regions of a host embryoization, a cap-shaped blastoderm is produced by a rapid set
(Luther, 1935; Oppenheimer, 1936a,c; Ho, 1992; Shih andof meroblastic cell divisions at the animal pole of the yolk
Fraser, 1996). Inductive activity, however, is not exclusivelycell. During the late-blastula stage, the radially symmetric
localized to cells in the dorsal margin zone of the blasto-blastoderm initiates epiboly and spreads vegetally over the
derm. From transplantation experiments, Long (1983) hassurface of the yolk cell (Trinkaus, 1983, 1984). As gastrula-
shown that a yolk cell from an early-gastrula-stage rainbowtion begins, involution and/or ingression of deep cells forms
trout (Salmo gairdneri ) embryo can impart its plane of bilat-a two-layered germ ring (Warga and Kimmel, 1990; Trin-
eral symmetry to the radially symmetric blastoderm of akaus, 1996), composed of an inner hypoblast and a super®-
blastula-stage embryo, implying that signals emanatingcial epiblast. During early gastrulation, deep cells begin to
from the yolk syncytial layer (YSL) can organize axis forma-migrate and converge toward an embryonic midline on the
tion. These experiments suggest that the yolk cell may playpresumptive dorsal side of the embryo, forming a dorsal
an important role in axis speci®cation in teleosts.aggregation of cells known as the embryonic shield (Warga
Since marginal cells of the zebra®sh blastoderm remainand Kimmel, 1990).
connected via cytoplasmic bridges to the yolk cell until theThe process by which the embryonic axis in teleost em-
mid-blastula stage (Kimmel and Law, 1985a), it is importantbryos becomes speci®ed is currently an open question
(Driever, 1995). Extirpation experiments suggest that no to consider whether cytoplasmic determinants become lo-
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Standard morphological criteria were used to determine stagescalized to speci®c areas of the blastoderm±yolk cell margin.
of embryological development (Wester®eld, 1995). Embryos wereFurthermore, speci®c cell behaviors involved in induction
either manually dechorionated using watchmaker's forceps orand morphogenesis are likely to occur at the presumptive
treated for 3 min with 1 mg/ml pronase (Sigma Chemical Co., St.dorsal margin of the teleost blastoderm, since this area
Louis, MO) in ERM to enzymatically dechorionate the embryosserves as an organizer for embryonic shield formation.
(Wester®eld, 1995). Embryos loaded with ¯uorescent molecular
To gain a better understanding of the cellular basis of probes were observed within a coverslip sandwich containing either
embryonic axis formation in teleosts, we have examined ERM or ERM gelled with 2% ultra-low-melting agarose (see below).
cell behaviors in the dorsal marginal zone in living zebra®sh The coverslip foundation was prepared by ®rst attaching 0.8-mm-
embryos using time-lapse confocal microscopy. In this pa- thick plastic spacers to opposite edges of a 22 1 22-mm no. 1
coverslip using high-vacuum silicone grease (Dow Corning, Mid-per, we report that a cluster of cells, with unique endocytic
land, MI). A 22 1 22-mm no. 1 coverslip lid was then attached toactivities, differentiates in the presumptive dorsal margin
the coverslip foundation with its plastic spacers using high-vacuumof late-blastula-stage zebra®sh embryos. The location of
silicone grease. Once constructed, the coverslip sandwich prepara-this cell cluster, which is composed of both marginal deep
tion was placed within an aluminum/Plexiglas holder for observa-cells and overlying enveloping layer (EVL) cells, accurately
tion under an inverted microscope. Embryos were also examinedpredicts where the embryonic shield will form at the begin-
in an open-face Biophysica microscope chamber (Biophysica Tech-
ning of gastrulation. During embryonic shield formation, nologies, Inc., Baltimore, MD) with a 30-mm-diameter no. 0 cov-
the deep cells in this cell cluster do not engage in involu- erslip for a base. The well of the chamber contained 3 ml of ERM.
tion. Instead, deep cells within the noninvoluting endocytic Embryos were repositioned within the chamber using a hair-loop
marginal (NEM) cell cluster remain at the margin of the which was attached to the end of a Pasteur pipette with paraf®n.
advancing blastoderm. In this paper, we refer to both the
enveloping layer epithelium cells and deep cells that engage
Immobilization of Embryosin accelerated endocytic activity at the dorsal margin of the
zebra®sh blastoderm as NEM cells. As zebra®sh embryos develop, their center of gravity changes,
We have found that between 50%- and 60%-epiboly, deep causing the embryos to roll over the surface of a coverslip. These
cells within the NEM cell cluster rearrange and move to movements impair observations during extended time-lapse re-
cordings. To prevent this rolling from occurring, ¯uorescently la-the distal edge of the blastoderm. By 60%-epiboly, deep
beled embryos were imbedded in ERM gelled with 2% ultra-low-NEM cells contribute to a domain of cells known as the
melting agarose (Type IX) (Sigma, St. Louis, MO) using the proce-``forerunner'' cells (Solnica-Krezel et al., 1995; Melby et al.,
dure from Wester®eld (1995). As the agarose±ERM mixture contin-1996) which lie at the leading edge of the dorsal blastoderm
ued to gel, embryos were rotated into speci®c orientations usingin mid- to late-gastrula-stage embryos. At tailbud stage,
an eyelash attached to the end of a Pasteur pipette with paraf®n.cells in the forerunner cell cluster form the dorsal roof of
Additional experiments were performed without the use of agarose.
Kupffer's vesicle, a transient teleostean organ rudiment To prevent muscle twitching, embryos at the 20-somite stage or
(Nordahl, 1970) which is located ventral to the nascent later were anesthetized with 0.1 mg/ml MS-222 (Tricaine; Sigma,
chordoneural hinge. St. Louis, MO) in ERM for 10 min prior to imaging.
By loading ¯uorescent dextrans into the cortical cytoplasm
of the yolk cell in mid-blastula-stage embryos, we have found
Labeling of Embryos with SYTO-11that some cells in the NEM cell cluster retain cytoplasmic
bridges with the YSL up to the oblong stage of development, A 5 mM stock solution of SYTO-11 (methane, sul®nylbis; 400
approximately 1 hr after the mid-blastula transition. These MW) dissolved in dimethyl sulfoxide (DMSO) (Sigma, St. Louis,
cytoplasmic connections may allow maternal and early-acting MO) was diluted in ERM to a ®nal labeling concentration of 15
zygotic gene products in the dorsal YSL to become regionally mM. Additional DMSO was added to the solution to make a ®nal
DMSO concentration of 2%. Embryos were placed in this mediumlocalized in NEM cells as they detach from the YSL. Owing
for 30 min and then washed three times with unlabeled ERM. Toto their location at the dorsal margin of the blastoderm, as
locate NEM cells in early-epiboly embryos, a more intense dyewell as their unique cellular dynamics, we discuss possible
concentration was used (experiments in Fig. 2). Sphere-stage toroles that NEM cells, as well as their progeny, the forerunner
dome-stage embryos were exposed to 75 mM SYTO-11 dissolved incells, may play in the morphogenesis of trunk and tail struc-
ERM with 2% DMSO for 15 min. Embryos were labeled withtures in the teleost embryo.
SYTO-11 in plastic culture dishes coated with 2% agar (Sigma, St.
Louis, MO) to prevent embryos from adhering to the dish (West-
er®eld, 1995). Control embryos were exposed to 2% DMSO for 30
MATERIALS AND METHODS min. SYTO-11 has an excitation maximum around 500 nm and an
emission maximum near 530 nm. SYTO-11 and all other ¯uores-
cent probes used in this paper were purchased from MolecularEmbryo Rearing and Dechorionation
Probes, Inc. (Eugene, OR).
Adult zebra®sh (Brachydanio rerio) were raised at 287C, with a
16 hr light/8 hr dark photoperiod. Embryos were dechorionated and
incubated in an embryonic rearing medium (ERM) (Wester®eld, Vital Staining with BODIPY Fluorophores
1995) that was supplemented with 10 mM Hepes. Hepes was added
in order to stabilize the pH of ERM over prolonged periods of time- A stock solution of the unconjugated ¯uorophore BODIPY 505/515
(4,4-difluoro-1,3,5,7-tetramethyl-4-bora-3a,4a-diaza-s-indacene)lapse recording.
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was made by dissolving the ¯uorescent dye in DMSO to a stock Fixation of Embryos
solution concentration of 4 mM. The dye was then diluted into
For some control experiments involving SYTO-11, embryos wereERM to a labeling concentration of 40±120 mM. Embryos were
®xed for 2 hr with 4% paraformaldehyde in a buffer consisting ofplaced in this medium for 15±30 min, depending on the intensity of
4% sucrose, 0.15 mM CaCl2, 0.1 M PO4 buffer (80 mM Na2HPO4/staining desired. After staining with BODIPY 505/515, the embryos
20 mM NaH2PO4), pH 7.3 (Wester®eld, 1995).were washed three times with ERM. In some experiments, embryos
were ®rst labeled with BODIPY 505/515 and then colabeled with
SYTO-11 (see Fig. 5). BODIPY 505/515 has an excitation maximum
Confocal Microscopyat 505 nm and an emission maximum at 515 nm.
To image NEM cells and neighboring blastomeres with spectrally Time-lapse recordings of zebra®sh embryos were made using a
different ¯uorophores, BODIPY 564/591 was used to label embryos Nikon Diaphot inverted microscope mounted on an airtable. The
in conjunction with SYTO-11 (see Fig. 3). (BODIPY 564/591 can Nikon Diaphot inverted microscope was coupled to a Bio-Rad
be obtained from Molecular Probes, Inc. (Eugene, OR) on a custom MRC-600 scanning laser confocal microscope assemblage (Cam-
synthesis basis. The chemical abstracts registry name and formula bridge, MA) designed for epi¯uorescence, Nomarski, and bright®eld
of this compound have not yet been determined.) The same labeling imaging (Simon and Cooper, 1995). All experiments were con-
procedure that was used to label embryos with BODIPY 505/515 ducted at an ambient room temperature of approximately 267C.
was employed to label embryos with BODIPY 564/591. The emis- Embryos stained with BODIPY 505/515 or labeled with SYTO-
sion spectrum of SYTO-11 extends to 600 nm and thus partially 11 were imaged using 488-nm light from an Ar±Kr laser. Light
overlaps with the emission spectrum of BODIPY 564/591 (personal was transmitted to the specimen through either a 101/0.5 NA
observations). Cell nuclei and endosomes labeled with SYTO-11, dry Nikon epi¯uorescence objective, a dry Nikon 201/0.75 NA
or cellular cytoplasm labeled with BODIPY 564/591, can be viewed epi¯uorescence objective, or a Nikon oil immersion 401/1.3 NA
independently using 488- and 568-nm excitation wavelengths, re- epi¯uorescence objective. Fluorescent light returning from the
spectively. When desired, both ¯uorophores can be viewed simulta- specimen was ®ltered by a 515-nm long-pass ®lter before impinging
neously using dual-wavelength excitation and 585-nm long-pass on the confocal microscope's photomultiplier tube. Time-lapse re-
emission. cordings were made from single 4-sec scans of the specimen. The
BODIPY 505/515 and BODIPY 564/591 are small, neutral ¯uor- K1/K2 dual excitation/emission ®lter set of the Bio-Rad confocal
ophores. We have found that these two ¯uorophores permeate cell microscope was used to image embryos colabeled with SYTO-11
membranes and avidly bind to yolk platelets and yolk cytoplasm. and BODIPY 564/591.
Nucleoplasm and interstitial space are not labeled by the dyes. Confocal images of ¯uorescently labeled embryos were recorded
in time-lapse form using a Panasonic TQ-3031F Optical Memory
Disk Recorder (Secaucus, NJ) controlled by the Bio-Rad MRC-600
host computer. Digital images were obtained from the opticalLoading of the YSL with Fluorescent Dextrans via memory disk recorder's S-video output using a Rasterops frame
Endocytosis grabber (640 1 480-pixel array). Digital images were then trans-
ferred to a Macintosh Quadra 950 computer, where the images were
To allow zebra®sh embryos to internalize ¯uorescent dextran via assembled into montage form using Adobe Photoshop software
endocytosis, embryos were placed in 1 ml of a 10 mg/ml solution of (Mountain View, CA). Hard-copy images were obtained using a
FITC-labeled dextran (10,000 MW), dissolved in ERM (no DMSO), for Tektronix Phaser IISDX dye-sublimation printer (Wilsonville, OR).
30 min. After loading, embryos were washed three times with ERM. For time-lapse recordings, 100±400 frames were acquired over a
1- to 5-hr time period. Most images were recorded with a 300- to
600-mm ®eld of view. Each description of a cell behavior reported
in this paper represents summed observations involving at leastFluorescent Dextran Loading of the YSL and NEM
®ve embryos.Cells
To trace the lineage of cells derived from yolk cell cytoplasm,
RESULTSwe developed the following method to rapidly load the yolk cell of
zebra®sh embryos with a dextran labeled with Texas Red. Embryos
were placed in a 35-mm plastic culture dish containing 1 ml of 10 Developmental Stages
mg/ml Texas Red±dextran (3000 MW) dissolved in ERM. An empty
At about the 512-cell stage of development, the yolk syn-micropipette mounted on a micromanipulator (Narishigie Inc.,
cytial layer in zebra®sh embryos is largely formed by theTokyo, Japan) was used to make single impalements of the YSL in
each of the embryos. The ¯uorescent dextran was then able to enter collapse of marginal blastomeres, which then merge with
the YSL by diffusion. The microwound caused by the impalement the cytoplasm of the yolk cell peripheral to the blastoderm
was subsequently closed by local contractility in the YSL. This (Kimmel and Law, 1985b). Nuclei then divide within the
method of loading was found to be very simple and effective in YSL and eventually become distributed throughout the ani-
loading the membrane-impermeant dextran into the YSL. We refer mal pole of the yolk cell. Marginal EVL cells in teleosts
to this loading method as ``impalement loading.'' This method is eventually break their con¯uence with the YSL, when
similar in concept to other cell loading techniques which involve
plasma membranes become fully formed at their marginala temporary rupture of the plasma membrane, followed by the diffu-
borders (Trinkaus, 1993). At their leading edge, marginalsive entry of a tracer molecule. These loading methods, which in-
EVL cells are joined to the yolk cell by tight junctions (Bet-clude scrape loading, bead loading, and syringe loading, each in-
chaku and Trinkaus, 1978). The site of EVL±YSL contactvolve transient injury to the cell membrane (McNeil, 1989; Clarke
and McNeil, 1992). demarcates the YSL into two regions, known as the inter-
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nal-YSL (I-YSL; internal to the EVL±YSL border) and the
external-YSL (E-YSL; external to the EVL±YSL border), re-
spectively.
During the mid- to late-blastula period, zebra®sh embryos
pass through a sequence of developmental stages (Kimmel
et al., 1995), which are listed here for reference: 512-cell
stage (234 hr after fertilization), 1k-cell stage (3 hr), high (3
1
3
hr), oblong (323 hr), sphere (4 hr), dome (4
1
3 hr), and 30%-
epiboly (423 hr). At dome stage, the blastoderm initiates epib-
oly and spreads vegetally over the surface of the yolk cell
(Kimmel et al., 1995). Gastrulation is considered to begin
around 50%-epiboly (523 hr), when the involution of the blas-
toderm margin ®rst occurs, and the embryo's germ ring and
embryonic shield become visible. The zebra®sh mid-blas-
tula transition (onset of zygotic gene transcription) occurs
around the 512- to 1k-cell stage (Kane and Kimmel, 1993).
Patterns of SYTO-11 Endocytosis in Mid- to Late-
Blastula-Stage Embryos
The ¯uorescent dye SYTO-11 was used to label zebra®sh
embryos, ranging from early-blastula to late-gastrula stages.
Embryos ranging from 1k-cell stage to high-stage were la-
beled with a 15 mM solution of SYTO-11 for 30 min. Charac-
teristic patterns of SYTO-11 labeling were observed that FIG. 1. SYTO-11 labeling of mid-blastula-stage zebra®sh embryos.
correlate with the developmental stage of the embryo. In Scale bars, 50 mm. Embryos at 1k-cell stage to high-stage embryos were
mid-blastula-stage embryos, SYTO-11 was internalized into labeled with SYTO-11 and observed at later developmental stages. All
EVL cells in the form of numerous ¯uorescent vesicles (Fig. panels are confocal micrographs. (A) SYTO-11 labeling is seen in the
enveloping layer cells of a sphere-stage zebra®sh embryo. SYTO-11 has1A). As the EVL cells divide, some of their daughter cells
been internalized by endocytosis into numerous ¯uorescent endo-delaminate from the EVL into the interior of the blastoderm
somes. Few EVL nuclei exhibit SYTO-11 labeling in this particular(Kimmel and Law, 1985c) (see Figs. 1A±1C). These nascent
embryo. Animal pole view. (B) 15 mm deeper into the same embryo.deep cells (Fig. 1B) exhibit the same vesicular labeling pat-
Deep cells, which have delaminated from the EVL, contain numeroustern in their cytoplasm as in the overlying EVL cells. Deeper
¯uorescent endosomes in their cytoplasm. (C) 23 mm deeper into thewithin the blastoderm, few deep cells exhibit any labeling
blastoderm than B. No deep cells containing SYTO-11 are seen in the
with SYTO-11 (Fig. 1C). center of the blastoderm. Those deep cells that exhibit SYTO-11 label-
The cytoplasm of the yolk cell also exhibits vesicular ing are in close proximity to the EVL epithelium. (D) SYTO-11 is also
labeling after being immersed in a solution of SYTO-11. internalized by endocytosis into the cytoplasm of the yolk syncytial
Numerous vesicles are seen in both the E-YSL and the I- layer (YSL) and yolk cytoplasmic layer (YCL). Endosomes stream along
linear tracks (white arrows) toward nuclei in the external YSL in anYSL. Less abundant ¯uorescent vesicles are also seen in
oblong-stage embryo. Black arrows point to the EVL±YSL margin. Thethe yolk cytoplasmic layer (YCL), which is located more
animal±vegetal (An±Vg) axis is shown. (E) Nuclei in the YSL exhibitvegetally than the E-YSL. Prior to and during epiboly, vesi-
SYTO-11 labeling (black arrows). In this 30%-epiboly-stage embryo, acles in the YCL stream along linear tracks toward the YSL±
large fraction of EVL cells exhibit nuclear staining by SYTO-11. Vesicu-EVL boundary, where they accumulate in the YSL (Fig. 1D).
lar labeling is observed throughout the cytoplasm of EVL cells and theBefore marginal EVL cells become fully detached from the
YSL. Numerous ¯uorescent endosomes accumulate at the EVL±YSL
YSL, ¯uorescent vesicles can potentially move directly margin. (F) Fixation releases SYTO-11 that has been internalized by
from the YSL into the cytoplasm of marginal EVL cells via endocytosis. Embryos were ®rst labeled as above and then ®xed with
cytoplasmic bridges. In the blastoderms of mid-blastula- 4% paraformaldehyde at dome stage. The vesicular labeling pattern
stage zebra®sh embryos, sporadic nuclear staining is ob- within the cytoplasm of EVL and deep cells is no longer observed.
Instead, distinct nuclear labeling is observed in both cell populations.served throughout the EVL epithelium. In addition, YSL
At this plane of focus, EVL nuclei (white arrows) are seen at the periph-nuclei are stained in some embryos. An example of this
ery of the image, and deep cell nuclei (dark arrows) are seen in thelabeling pattern is shown in Fig. 1E. When late-blastula-
center. Animal pole view.stage embryos are labeled with SYTO-11, fewer EVL cells
become intensely labeled with the dye. The dye, however,
still becomes internalized into vesicles within the YSL, as The vesicular labeling pattern of SYTO-11 seen in the
EVL and YSL appeared to be characteristic of endosomes.well as within a small group of deep cells and EVL cells at
the dorsal margin of the blastoderm (i.e., the NEM cells; We hypothesized that if the internalized SYTO-11 was
trapped in such endosomal compartments, the dye shouldsee next section).
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readily stain cell nuclei once it was released from these NEM cell cluster) becomes visible (Figs. 2A and 2B). The
cluster is composed of both deep cells and marginal EVLorganelles. To test this hypothesis, we chemically ®xed the
embryos, since ®xation compromises the integrity of cell cells. The deep cells of the NEM cell cluster are ¯attened
against marginal EVL cells which are frequently bi- or tri-and organelle membranes, rendering them more permeable
to solutes. Zebra®sh embryos were loaded with SYTO-11, nucleate. After embryos are initially labeled with SYTO-
11, both EVL and deep cells in the NEM cell cluster accumu-washed with ERM, and then ®xed with 4% paraformalde-
hyde in zebra®sh ®xation medium. Unlike the vesicular late the dye with time until they are more strongly ¯uores-
cent than neighboring blastomeres or the YSL.labeling that is normally observed within the EVL and YSL
of live embryos, ®xed embryos showed prominent nuclear As deep cells in the central portion of the blastoderm
undergo radial intercalation between 30%- and 50%-epib-staining in the EVL, YSL, and the deep cell mass (Fig. 1F).
We concluded from this experiment that ®xation released oly, NEM cells remain localized in a super®cial location at
the presumptive dorsal margin of the blastoderm (Fig. 2).dye from a vesicular compartment, after which the dye was
free to bind to nuclear chromatin. In a separate experiment, This behavior is similar to that of other marginal deep cells
in the zebra®sh blastoderm which undergo relatively lesswe tested whether SYTO-11 was permeable to the mem-
branes of cells in ®xed embryos. When SYTO-11 was ap- mixing than more central blastomeres (Helde et al., 1994).
At 50%- to 60%-epiboly, the position of the NEM cell clus-plied to paraformaldehyde-®xed embryos, the nuclei of EVL
cells and deep cells stain equally well (data not shown). ter corresponds to the location of the nascent embryonic
shield (Figs. 2C and 2D).In cultured cells, as well as in brain slices (Chenn and
McConnell, 1995), SYTO-11 stains nucleic acids and gives The location of the NEM cell cluster also correlates to
morphological features in the zebra®sh blastoderm that in-an intense labeling of cell nuclei. Since SYTO-11 labeling
of cell nuclei is normally localized to some EVL cells and dicate the site of embryonic shield formation. Schmitz and
Campos-Ortega (1994) have shown that by observing a late-the yolk cell cytoplasm in live mid-blastula-stage embryos,
we decided to determine why SYTO-11 was not staining blastula-stage embryo from a side view between dome stage
and 50%-epiboly, a thinning of the blastoderm can be seenthe nuclei of deep cells. We hypothesized that either the
dye was unable to penetrate to the deep cells or the mem- on the dorsal side of the embryo. Involution of the blasto-
derm margin ®rst begins at this site at approximately 50%-branes of the deep cells in live embryos were impermeant
to SYTO-11. Using watchmaker's forceps, we made micro- epiboly. This early involution results in a distinct thick-
ening of the germ ring which is clearly visible by 60%-wounds in the EVL before loading the embryos with SYTO-
11. Surrounding the wound site in these embryos, multiple epiboly (Kimmel et al., 1995). Thus, the location of the
NEM cell cluster in 30%- to 40%-epiboly embryos predictsdeep cells exhibited nuclear staining (data not shown). We
also found that SYTO-11 ef®ciently labeled all of the deep the location of embryonic shield formation, which occurs
between 50%- and 60%-epiboly (Figs. 2E and 2F).cell nuclei in explanted blastoderms. The above experi-
ments suggest that the plasma membranes of deep cells in Individual cell labeling experiments suggest that zebra-
®sh deep cells involute or ingress as they reach the marginlive embryos are permeable to SYTO-11. Furthermore, these
experiments suggest that the EVL and YSL normally retard of the blastoderm, forming the bilayered structure of the
germ ring (Warga and Kimmel, 1990; Shih and Fraser, 1995).direct access of SYTO-11 to deep cells in live embryos.
In contrast to other marginal deep cells, cells in the NEM
cell cluster do not undergo involution or ingression into the
embryonic shield during germ ring formation. Instead, theNEM Cells Predict the Site of Embryonic Axis
NEM cells remain localized at the dorsal margin of theFormation
blastoderm (Figs. 2E and 2F).
Late-blastula-stage zebra®sh embryos, from sphere to
dome stage of development (Wester®eld, 1995), were al-
Deep NEM Cells Become Forerunner Cellslowed to internalize 75 mM SYTO-11 by endocytosis for 15
at 60%-Epibolymin. In contrast to earlier stage embryos, SYTO-11 labeling
in these late-blastula-stage embryos was con®ned to more Between 50%- and 60%-epiboly, deep NEM cells undergo
rearrangement and become displaced to the leading edge ofspeci®c locations. As in mid-blastula-stage embryos, the
YSL and YCL contained numerous SYTO-11-labeled endo- the blastoderm. At 60%-epiboly, deep NEM cells form a
loosely adherent band of cells that is located just distal tosomes. In general, the EVL epithelium of embryos stained
during the late-blastula showed much less SYTO-11 label- the edge of the more coherent dorsal blastoderm. From 60%-
epiboly onwards, this domain of cells is known as the fore-ing compared to embryos stained during mid-blastula
stages. A few nonmarginal EVL cells scattered throughout runner cells, since these cells lie slightly posterior to the
leading margin of dorsal blastoderm. Deep NEM cells are,the epithelium of late-blastula-stage embryos, however,
showed intense SYTO-11 labeling. therefore, progenitors of forerunner cells. From mid- to late-
gastrulation (60%- to 90%-epiboly), EVL cells from the orig-A new localized pattern of SYTO-11 labeling emerges at
the presumptive dorsal margin of the blastoderm as the inal NEM cell cluster remain directly above the forerunner
cell cluster (Fig. 3A±3E). In time-lapse recordings, it iszebra®sh embryo enters the earliest stages of epiboly. By
30%- to 40%-epiboly, a group of brightly labeled cells (the sometimes dif®cult to distinguish ¯uorescently labeled
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FIG. 2. Noninvoluting endocytic marginal (NEM) cells in a late-blastula-stage embryo predict the site of embryonic shield formation.
Scale bars, 50 mm. A±F show the development of an embryo previously labeled at dome stage with SYTO-11. Correlated Nomarski and
confocal ¯uorescence micrographs at three different time points are shown. The animal pole is denoted by an asterisk. (A, B) 30%-epiboly;
initial observation, 0:00 hr. (A) The blastoderm has begun to spread over the surface of the underlying yolk cell. (B) Bright cells (arrow)
at the left margin of the blastoderm predict the location where the embryonic shield will form at 50%- to 60%-epiboly (see C and D).
Inset (higher magni®cation) shows that these cells are in contact with the YSL. Several individual EVL cells that are scattered over the
surface of the blastoderm are also labeled with SYTO-11. (C, D) 55%-epiboly; 1:30 hr. (C) The nascent embryonic shield is now visible
as a thickening on the left side of the blastoderm (arrow). The embryo has rolled slightly into a new orientation. The animal pole now is
at the top of the image. (D) The location of the ¯uorescently labeled NEM cell cluster in B predicted the site of embryonic shield formation.
(E, F) 65%-epiboly; 2:10 hr. (E) Embryonic shield (arrow) extends toward animal pole. (F) During germ ring and embryonic shield formation,
NEM cells remain at the dorsal margin of the blastoderm. NEM cells do not undergo involution during this time period. More cells are
now visible in the NEM cell cluster. During embryonic shield formation, some deep cells in the NEM cell cluster move in the front of
the dorsal blastoderm, at which point they become known as ``forerunner'' cells. Inset (higher magni®cation) shows that some forerunner
cells are in contact with the YSL.
EVL±NEM cells from underlying forerunner cells. In these embryo, the forerunner cell cluster becomes compressed
into a wedge-shaped mass (Figs. 3F and 3J). At 80%-epiboly,cases, we refer to the entire ¯uorescent cell cluster as a
NEM/forerunner cell cluster, since it contains both forerun- the forerunner cell cluster is ¯attened on its posterior-facing
margin, which extends beyond the edge of the germ ringner cells (deep cells) and overlying EVL±NEM cells.
Between 50%- and 70%-epiboly, some deep NEM/fore- (see Fig. 4A). The anterior-facing end of the forerunner cell
cluster is tapered to an apex (see Fig. 3J), which is locatedrunner cells translocate one or two cell diameters in the
dorsal marginal zone of the blastoderm. Other deep NEM/ in the interior of the blastoderm and is in contact with the
I-YSL. The forerunner cell cluster also has a dorsal apex,forerunner cells, however, appear to be anchored to the
EVL±YSL junction by lamelliform protrusions. Although which lies between the opposing sides of the constricting
germ ring (see Figs. 3H and 3I).these attached deep NEM/forerunner cells do not translo-
cate during 50%- to 70%-epiboly, they do exhibit vigorous During late gastrulation, the forerunner cell cluster does
not involute (Fig. 4) but remains at the border where thelobopodial protrusive activity around their periphery where
they are not attached to the EVL±YSL junction (data not EVL and YSL come into contact. During late epiboly, cells
in the forerunner cell cluster cohere to each other (Figs. 4Bshown).
Between 60%- and 70%-epiboly, forerunner cells coalesce and 4E). Until about 90%-epiboly, the forerunner cell clus-
ter extends beyond the edge of the advancing blastoderminto a cap at the blastoderm margin (Figs. 3 and 4). During
70%- to 80%-epiboly, the forerunner cell cluster becomes margin. Around 90%-epiboly, the forerunner cell cluster
is overlapped by the constricting germ ring and becomesa coherent mass which is composed of 21 { 6 cells (mean
{ SD, n  10 embryos). One source of variance in the num- depressed ventrally (Fig. 4C).
In all of our experiments, we observed that the center ofber of cells in the forerunner cell cluster may be due to cell
divisions which occur within the cell cluster during this the forerunner cell cluster correlated exactly with the dorsal
midline of the embryo. The dorsal midline was judged fromtime. Some cells in the forerunner cell cluster are multinu-
cleated (Fig. 3D), which may also contribute to the variance standard morphological criteria, such as the thickening in
the germ ring at mid-epiboly, the center of the tailbud, and/in cell number observed between individual embryos.
As the deep cells converge toward the dorsal side of the or the location of Kupffer's vesicle in postepiboly embryos.
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Forerunner Cells Are Incorporated into the Tail
Rudiment
At tailbud stage, the forerunner cell cluster is localized
to the base of the extending tailbud, ventral and slightly
caudal to the chordoneural hinge (Fig. 5A). The posterior
portion of the forerunner cell cluster is in close contact with
undifferentiated cells located near the dorsal midline of the
germ ring. During this developmental stage, a portion of
the forerunner cell cluster forms the dorsal roof of Kupffer's
vesicle and is still attached to the YSL at the yolk plug (Figs.
5A and 5B).
As the tail continues to extend, the forerunner cell cluster
remains localized to an area slightly caudal and ventral to
the compacting notochord (Fig. 5). At the 16-somite stage
of development, the forerunner cell cluster begins to detach
from the compressed YSL, which is located at the posterior
end of the embryo's yolk tube. As Kupffer's vesicle detaches
from the YSL, the forerunner cell cluster begins to envelope
the vesicle. During this process, the forerunner cell cluster
remains extended in an anterior±posterior direction (Fig.
5C). As the tail straightens and elongates, the forerunner
cell cluster becomes displaced in a posterior fashion by the
extension of the tail. A few labeled EVL±NEM cells are
present on the dorsal surface of the tail at this stage (data
not shown).
Between the 18- and 20-somite stages, Kupffer's vesicle
is still surrounded by forerunner cells (Fig. 5D). Kupffer's
vesicle then begins to decrease in size and eventually col-
lapses around the 20-somite stage of development (Hisaoka
and Firlit, 1960). Anterior to Kupffer's vesicle lies a median
tract of endoderm known as the postanal gut (Wilson, 1889).
Between the postanal gut endoderm and the notochord lies
a single line of cells known as the hypochordal rod (see Fig.
5E). The neurenteric streak (Wilson, 1889) joins forerunner
FIG. 3. The forerunner cell cluster forms a wedge-shaped cap at cells at the dorsal roof of Kupffer's vesicle with the posterior
the posterior limit of the embryonic axis during late-epiboly. Scale limit of the neuroectoderm. As Kupffer's vesicle collapses,
bars, 50 mm. (A±E) The forerunner cells form a wedge-shaped cap forerunner cells surrounding the vesicle coalesce into a
at the dorsal margin of the blastoderm. EVL cells, which derive
from the original NEM cell cluster, overlie the forerunner cells.
Forerunner cells are derived from deep NEM cells. The embryo is
viewed from its dorsal side. The embryo was stained with SYTO-
11 and red-emitting BODIPY 564/591 at 30%-epiboly and then im- of focus. (D) 23 mm deeper into the embryo. Brightly labeled, multi-
aged at 65%-epiboly. Scale bar, 50 mm. (A) SYTO-11-labeled cells nucleate EVL±NEM cells (arrow) lie directly above the forerunner
include both EVL±NEM cells (thin white arrows) and deep (forerun- cell cluster. (E) 23 mm deeper into the embryo. SYTO-11-labeled
ner) cells (thick arrow). A group of brightly labeled nuclei (black deep cells (arrow) of the forerunner cell cluster are closely associ-
arrow) in the YSL is located just vegetal to the NEM/forerunner ated to overlying EVL±NEM cells. Panels F±J show a focus-through
cluster margin. This surface-view image was taken by using a dual (15-mm steps) of a 80%-epiboly-stage embryo labeled with SYTO-
excitation with 488- and 568-nm laser light, while ¯uorescence 11, starting from the posterior edge of the NEM/forerunner cell
emission was collected 585 nm. Since SYTO-11 exhibits a red cluster and progressing toward the anterior end of the cell cluster.
¯uorescence, dual excitation of the specimen allows cell nuclei The embryo is viewed from the vegetal pole. The dorsal±ventral
and endosomes, labeled with SYTO-11, and cellular cytoplasm, (D±V) axis is shown. (F) The focus-through starts at the level of
labeled with BODIPY 564/591, to be imaged simultaneously. The the EVL±YSL boundary. (G) Labeled NEM/forerunner cells and YSL
animal±vegetal (An±Vg) axis is shown. (B±E) A focus-through of cytoplasm are prominent. (H) A distinct layer of forerunner cells
the NEM/forerunner cell cluster in the same embryo as in F but lies directly above the internal YSL which contains numerous
rotated slightly counterclockwise and shifted into an oblique orien- SYTO-11-®lled endosomes. (I, J) Edges of the germ ring converge
tation. B±E were only collected with 488-nm excitation so that toward the embryonic midline which is de®ned by the dorsal apex
only SYTO-11 emission is seen. (B) This is a surface focal plane (arrow) of the forerunner cell cluster. The NEM cell cluster in J
of the NEM/forerunner cell region showing the same EVL (white also has an apex (arrow) pointing toward the anterior end of the
arrows) and YSL nuclei (black arrow) shown in A. (C) 15 mm deeper embryo. The anterior apex of the forerunner cluster lies in a more
than B. Brightly labeled YSL nuclei (arrows) are visible at this plane ventral plane than the dorsal apex seen in H.
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compacted mass. The forerunner cell cluster remains local-
ized in the ventral portion of the tail anlage, ventral to the
chordoneural hinge (Figs. 5E and 5F).
At the 20-somite stage, the anterior extension of the fore-
runner cell cluster is in contact with the condensing noto-
chord and postanal gut endoderm, while the posterior exten-
sion of the cluster is in contact with both the posterior wall
and the neural plate. The lateral regions of the forerunner cell
cluster are in contact with unsegmented paraxial mesoderm.
Once Kupffer's vesicle collapses, some cells detach from the
forerunner cell cluster and enter mesendodermal organ rudi-
ments while others remain at the base of the chordoneural
hinge (Fig. 5E). Cells in the forerunner cells cluster eventually
express mesendodermal fates in the tail and are variably incor-
porated into notochord, somites, and tail mesenchyme (data
not shown; see also Melby et al., 1996).
Endocytic Behaviors of NEM Cells and Forerunner
Cells
As previously discussed, when late-blastula-stage em-
bryos were exposed to SYTO-11, the NEM cells become
brightly labeled (Figs. 2 and 3). We hypothesized that a ma-
jor mechanism for this labeling pattern was endocytosis.
Furthermore, we hypothesized that the endocytic behavior
of the NEM cells was occurring at an elevated rate when
compared to that of other cells in the embryo. To test
FIG. 4. The forerunner cell cluster does not involute during whether endocytosis was occurring in the EVL, YSL, and,
late epiboly. A±C and D±F show time-lapse recordings of two especially, NEM cells, we exposed late-blastula-stage em-
different embryos. The recordings are at slightly different focal bryos to a known membrane-impermeant molecule, FITC-
planes and orientations. Scale bars, 50 mm. The embryo in D±F labeled dextran (10,000 MW). Both the YSL and the EVL
has a larger number of forerunner cells than the embryo in A± internalized the ¯uorescent dextran by endocytosis (Figs.
C. (A±C) A time-lapse series of an embryo stained with BODIPY 6A and 6B). Numerous ¯uorescent vesicles containing
505/515. Vegetal pole view. The embryo in A±C is ®lmed with
FITC-labeled dextran accumulated in the YSL. In addition,the blastopore facing down against the microscope coverslip. A
the ¯uorescent dextran also appeared in NEM/forerunnerwedge-shaped group of NEM/forerunner cells is visible at the
cells in the form of endosomes (Figs. 6D and 6F). All otherleading edge of the blastoderm from 70%- to 90%-epiboly (black
deep cells within the blastoderm, however, were devoid ofarrow). The yolk cell is brightly labeled with BODIPY 505/515.
(A) The embryo is at 70%-epiboly. (B) At 90%-epiboly, the fore- the dextran. This experiment shows that when a zebra®sh
runner cell cluster becomes depressed into a more ventral posi- blastula is placed in a solution of ¯uorescent dextran, the
tion as the germ ring shrinks in circumference. The forerunner NEM cells are capable of selectively accumulating the
cells separate from overlying EVL±NEM cells at this point in membrane-impermeant molecule through endocytosis.
development. (C) The dorsal apex of the forerunner cell cluster In order to test whether SYTO-11 labels forerunner cells
is aligned with the presumptive tailbud, which is seen as a dorsal during late-epiboly, we loaded 70%-epiboly embryos in a 15
thickening (asterisk) in the germ ring. (D±F) The embryo of this
mM SYTO-11 solution for 30 min. When the embryos weretime-lapse series was costained with BODIPY 505/515 (to label
viewed at 90%-epiboly, the YSL was labeled in a vesicularall the embryo's blastomeres) and SYTO-11 (to enhance the visi-
fashion. The forerunner cells also showed intense vesicularbility of the forerunner cluster). The time-lapse recording begins
labeling (data not shown). Thus, it appears that forerunnerwith an oblique view of the embryo's dorsal side. This embryo
was not immobilized in an agarose±ERM gel. During the re- cells are able to accumulate SYTO-11 by endocytosis from
cording, the embryo rolled into a position with its vegetal pole early- to late-epiboly. During late-epiboly, EVL cells directly
facing the coverslip (see E). The embryo was recentered in F. (D) above the forerunner population do not preferentially accumu-
Oblique view of the embryo at 70%-epiboly. The forerunner cell late ¯uorescent probes, compared to other epithelial cells in
cluster, with more brightly labeled cells, is located at the leading the enveloping layer. This may indicate that the endocytic
margin of the blastoderm. (E) Vegetal pole view at 90%-epiboly. activity expressed in EVL±NEM cells during the late-blastula-
The forerunner cell cluster forms a bilaterally symmetric wedge
stage embryos has decreased by late-epiboly.at the distal margin of the advancing blastoderm. Dark nuclei
We have considered why SYTO-11 is released from endo-are visible within the YSL. (F) At blastopore closure, the forerun-
somes within NEM cells and becomes available to stainner cell cluster forms the posterior limit of the embryonic axis.
their cell nuclei. The membrane permeability of endosomesThe embryo was followed until the tailbud stage when it was
reimaged from a side view (see Fig. 5A). for SYTO-11 may be a major factor in determining whether
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brane permeability that occur with development (e.g., mat-
uration of the apical membrane in the EVL epithelium) may
determine the relative permeability of endosomes to SYTO-
11. With time, SYTO-11 may leak from the interior of endo-
somes, or lysosomes, and become available to stain cell
nuclei. Thus, differences in membrane permeability, as well
in rates of endocytosis, may contribute to the variations in
SYTO-11 labeling observed within cells of the EVL epithe-
lium (e.g., Fig. 1E).
To determine whether NEM cell behavior was somehow
induced as a consequence of labeling with SYTO-11, em-
bryos were labeled only with the vital dye BODIPY 505/515
at different periods of epiboly. In these embryos, forerunner
cells were observed to be present at the dorsal margin of the
advancing blastoderm (see Figs. 4A±4C). As an additional
control, we labeled tailbud-stage embryos with 100 mM
BODIPY 505/515 (data not shown) and were able to easily
locate the forerunner cell cluster at the base of the chordo-
neural hinge. This result indicates that forerunner cell be-
havior is not induced by either of the vital dyes, BODIPY
505/515 or SYTO-11. Furthermore, we did not observe any
teratogenic effects in the zebra®sh embryos treated with
DMSO or any of the vital dyes used in our experiments.
Some NEM Cells Are in Cytoplasmic Con¯uenceFIG. 5. Location of forerunner cells in tail rudiment. Scale bars,
with the YSL in Oblong-Stage Embryos50 mm. Embryos in A, E, and F were colabeled with SYTO-11 and
BODIPY 505/515 at dome stage. The embryos in B, C, and D were Since many marginal blastomeres are connected to the
labeled only with SYTO-11. (A) The forerunner cell cluster with
yolk cell by cytoplasmic bridges prior to the onset of epibolybrightly stained nuclei (white arrow) in a tailbud-stage embryo is
(Kimmel and Law, 1985a), we hypothesized that NEM cellslocated ventral to the chordoneural hinge and germ ring on the
might be directly joined to the yolk cell by cytoplasmicdorsal side of the embryo. A portion of the forerunner cell cluster
bridges in mid- to late-blastula-stage embryos. If such cyto-forms the dorsal roof of Kupffer's vesicle (KV), the dark ¯uid-®lled
compartment. The YSL forms the ventral surface of the vesicle. plasmic bridges are present, SYTO-11-labeled endosomes in
The compacted YSL presses toward the animal pole into the central the YSL could be conveyed into the cytoplasm of cells in
mass of yolk platelets within the embryo's yolk cell (the edge of the NEM cell cluster by diffusion, or by active transport
the YSL is delineated by black arrows). The forerunner cell cluster along microtubules. In a similar manner, maternal or zy-
in this embryo was imaged from 70%-epiboly to blastopore closure gotic gene products located within the YSL could also be
(see Figs. 4D±4F). (B) In a tailbud-stage embryo, the forerunner cells transported to the NEM cell cluster through cytoplasmic
form the dorsal roof of Kupffer's vesicle (KV) (arrow). Side view of
bridges.embryo. (C) A different embryo at the 16- to 18-somite stage with
To determine the extent of cytoplasmic con¯uence be-a side view of Kupffer's vesicle surrounded by the brightly labeled
tween the YSL and the NEM cell cluster, we loaded the(white arrow) forerunner cells. Kupffer's vesicle is now located on
YSL of zebra®sh embryos at different stages of developmentthe ventral side of the tail rudiment. (D) Localization of a forerunner
cell cluster in an embryo at the approximately 20-somite stage. (from high to shield stages) with membrane-impermeant
The forerunner cells surround Kupffer's vesicle. The faintly visible ¯uorescent dextrans (3000 MW, Texas Red±dextran). The
yolk tube (arrow) is located on the ventral side of the extending embryos were then observed at the 60%-epiboly, tailbud
tail. The embryo is viewed from the side, with the dorsal side of stage, or early segmentation period to determine which cells
the tail facing to the top right. (E) The forerunner cell cluster re- in the embryo were labeled with the dextran. In all of the
mains ventral to the chordoneural hinge during early tail extension. embryos, the ¯uorescent probe was diffusely distributed in
The embryo is at approximately the 26-somite stage. Kupffer's vesi-
the YSL (see arrowheads in Fig. 7). Diffuse labeling of blasto-cle has disappeared by this stage of development. Side view of tail
derm cells with the ¯uorescent dextran indicates that arudiment with its dorsal side facing down. (F) The same embryo
direct cytoplasmic connection with the YSL existed at oras in E at a higher magni®cation and at a more lateral plane of
later than the time of dextran loading. Vesicular labelingfocus (notochord no longer visible). Labeled cells have detached
from the main forerunner cell mass. indicates that the membrane-impermeant dextran was in-
ternalized into NEM cells by endocytosis.
The labeling pattern of forerunner cells differed de-
pending on the stage of development when the embryosthe dye can leak from endosomal compartments and stain
cell nuclei in live cells. Since primary endosomes are de- were loaded with ¯uorescent dextran. When embryos were
loaded with ¯uorescent dextran at high to oblong stage,rived from the plasma membrane, changes in plasma mem-
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FIG. 6. Membrane impermeant ¯uorescent dyes are endocytosed into the YSL and cytoplasm of NEM cells. Scale bars, 50 mm. (A) FITC-
labeled dextran (10K MW) is internalized by ¯uid-phase endocytosis into the YSL. Numerous endosomes are distributed through the YSL.
Nuclei in the YSL are unlabeled. A confocal view of the EVL±YSL margin. The embryo was labeled between oblong and sphere stage and
observed at 30%-epiboly. (B) A confocal section deeper into the same embryo as shown in A. No labeling of deep cells is seen. Two EVL
cells are diffusely labeled with dextran (bottom left). (C) A Nomarski view of a zebra®sh embryo at 70%-epiboly. The embryo was labeled
with dextran at 50%-epiboly. The characteristic thickening at the dorsal margin of the blastoderm is visible (arrow). View of the embryo
from the vegetal pole. (D) Fluorescence confocal image of the same embryo as in C. Numerous ¯uorescently labeled endosomes are visible
in the cytoplasm of the YSL and closely associated forerunner cells. (E) A Nomarski image of the blastoderm edge of an embryo, viewed
from the vegetal pole, at 80%-epiboly. The forerunner cell cluster (arrow) is visible as a wedge of cells located distal to the advancing
dorsal margin of the blastoderm. The embryo was labeled with ¯uorescent dextran at 50%-epiboly. (F) Fluorescence confocal image of
the same area as shown in E. Forerunner cells possess numerous endosomes containing FITC±dextran. A sparser distribution of ¯uores-
cently labeled endosomes is visible within the YSL in the left portion of the image.
about half of the embryos exhibited diffuse dextran labeling showing that these cells were in cytoplasmic con¯uence
with the YSL at the time of loading. In embryos labeledin at least some of the forerunner cells (7/12 cases). Some
of these embryos exhibited diffuse labeling in most of the between high and oblong stages, some deep cells around the
margin of the blastoderm (other than NEM/forerunner cells)forerunner cells (3/12 cases) (see Figs. 7B, 7D, and 7F). Other
embryos had a mixture of labeling patterns in their forerun- become diffusely labeled with the ¯uorescent dextran. It
appears, therefore, that these deep cells were also in cyto-ner cell cluster (4/12 cases); some forerunner cells exhibited
only vesicular labeling, while other cells in the same fore- plasmic con¯uence with the YSL during this developmental
period.runner cluster exhibited diffuse labeling (data not shown).
About half of the embryos exhibited only vesicular labeling In later stage embryos, loaded at sphere to 30%- to 40%-
epiboly, most forerunner cells showed only vesicular label-(5/12 cases). In many cases, marginal EVL epithelial cells in
the same embryo were also diffusely labeled with dextran, ing (Fig. 7H) (3/22 embryos had some forerunner cells with
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diffuse labeling; 19/22 embryos had forerunner cells which
exhibited only vesicular labeling). The mixture of diffuse
and vesicular staining within the forerunner cell cluster
suggests that different cell populations in the NEM cell
cluster detach from the yolk cell at different times prior to
the onset of epiboly.
To test this idea, embryos at high to oblong stage were
®rst loaded with Texas Red±dextran and then labeled with
SYTO-11 at sphere to dome stage. The embryos were then
observed at the 70%-epiboly stage of development. The re-
sults of this experiment are shown in Fig. 8. Cells diffusely
labeled with Texas Red±dextran form a subset of the cells
in the forerunner cell cluster. Some forerunner cells have
internalized SYTO-11 (Figs. 8A and 8C), but are devoid of
Texas Red±dextran (Figs. 8B and 8D). Other deep cells in
the forerunner cell cluster, however, contain Texas Red±
dextran. It therefore appears that a portion of the NEM cell
cluster is still in cytoplasmic con¯uence with the YSL at
the oblong stage of development.
When embryos are colabeled with ¯uorescent dextran and
SYTO-11 in the above manner and observed at the 14-so-
mite stage, a similar mixture of labeling is observed in the
forerunner cells lining Kupffer's vesicle. Some SYTO-11-
labeled forerunner cells surrounding Kupffer's vesicle are
colabeled with ¯uorescent dextran; other forerunner cells
surrounding the vesicle are not (Figs. 8E and 8F).
DISCUSSION
We have observed that a unique group of cells, with in-
creased endocytic activity, appears at the presumptive dor-
sal margin of the zebra®sh blastoderm in late-blastula-stage
embryos (Fig. 2). The NEM cell cluster is ®rst visible in
30%- to 40%-epiboly embryos (Fig. 2), approximately 1 hr
before the characteristic dorsal thickening in the zebra®sh
germ ring becomes clearly apparent. Unlike other blasto-
meres around the circumference of the blastoderm, these
marginal cells do not involute during germ ring formation
FIG. 7. Some NEM cells are in cytoplasmic con¯uence with the or during blastoderm epiboly (Figs. 2 and 4). This group of
YSL in late-blastula-stage embryos. The YSL in each embryo was
loaded with Texas Red±dextran (3000 MW) by impalement loading
at the oblong stage of development. The embryos were then ob-
served at later development stages. B, D, F, and H show different
results obtained by these impalement experiments. A diffuse distri- dorsal aspect of the tail is toward the bottom of the image. The
bution of ¯uorescent dextran in a forerunner cell indicates that the most posterior part of the curved tail is marked by an asterisk (*).
cell was in cytoplasmic con¯uence with the yolk cell at the time The black arrowhead points to the YSL and posterior part of the
of impalement loading. Vesicular labeling indicates that the mem- yolk tube and corresponds to the arrowhead in D. (D) This image
brane-impermeant dextran was internalized by endocytosis. Most shows an embryo with diffuse-dextran labeling in only a few of the
embryos exhibited a mixture of these two staining patterns in the forerunner cells. (E) Nomarski image of a tail of a 16-somite-stage
forerunner cells. Corresponding Nomarski (left column) and ¯uo- embryo viewed from the side. The arrows correspond to the loca-
rescence (right column) images are shown for each embryo. Scale tion of the arrows shown in F. (F) Forerunner cells exhibit both
bar, 50 mm. (A) Nomarski image of an approximately 75%-epiboly- diffuse (thin arrow) and vesicular (thick arrow) ¯uorescent±dextran
stage embryo at the dorsal margin. The embryo is viewed from labeling. Forerunner cells are no longer in contact with the YSL
the side with its dorsal aspect facing down. The black arrow and (white arrowhead). (G) Nomarski image of a 16-somite-stage em-
arrowhead point to the locations of the forerunner cell cluster and bryo in the same orientation as E and F but at a lower magni®cation.
YSL, respectively, and correspond to those locations seen in B. (B) (H) The forerunner cells in this embryo show prominent vesicular
Some forerunner cells (arrow) are diffusely labeled with ¯uorescent labeling. Diffuse dextran labeling is present in the YSL (white ar-
dextran. Note the bright, diffusely labeled YSL (arrowhead). (C) An rowhead), which extends into the yolk tube at the base of the tail
embryo's tail viewed at the 14-somite stage from the side. The rudiment.
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transplanted into host embryos (Luther, 1935; Oppenhei-
mer, 1936c; Ho, 1992; Shih and Fraser, 1996). Transplanta-
tion of the zebra®sh embryonic shield into an amphibian
recipient embryo also produces a secondary axis (Oppenhei-
mer, 1936b), suggesting that similar signal molecules are
produced by the teleost and amphibian organizers. The
NEM cell cluster in zebra®sh embryos is located at the
dorsal margin of the late-blastula-stage blastoderm and is
thus situated within the region classically de®ned as the
teleost organizer. Owing to their location within the dorsal
marginal zone, it is possible that the NEM cell cluster might
play an inductive role in embryonic axis formation. How-
ever, as of yet, we have no experimental evidence to sub-
stantiate this hypothesis.
Morphological similarities are also apparent between the
zebra®sh NEM cell cluster and the Xenopus organizer re-
gion, or dorsal marginal zone (Shih and Keller, 1992a,b).
Both tissues are composed of a super®cial epithelium (EVL
cells in zebra®sh) and an inner mass of deep cells. In con-
trast to the amphibian dorsal marginal zone, the NEM cellFIG. 8. The NEM cell cluster is composed of a mixture of cells,
cluster does not involute at the dorsal lip of the blastoderm.some of which are connected to the YSL in oblong-stage embryos.
However, similar to the postinvoluting dorsal marginalIn three different embryos (A and B, C and D, E and F), the yolk
cell was loaded with Texas Red±dextran at the oblong stage of zone in Xenopus (Gont et al., 1993), a portion of the zebra-
development. The embryos were then allowed to internalize SYTO- ®sh NEM cell cluster gives rise to cells that become local-
11 by endocytosis at dome stage. The embryos were observed at ized to the chordoneural hinge area in tailbud-stage em-
70%-epiboly (A±D) or at 14-somite stage (E, F). The top row shows bryos.
SYTO-11 labeling (A, C, E); the bottom row shows Texas Red± In our present study, we have speci®cally tested whether
dextran labeling (B, D, F). (A, B) NEM/forerunner cells, labeled with the NEM cell population was in cytoplasmic con¯uence
SYTO-11, are located at the dorsal side of the blastoderm. Thick
with the yolk cell cytoplasm by loading ¯uorescent dex-arrows point to cells that also contain Texas Red±dextran (see B).
trans into the YSL. Our results suggest that a portion of theThese cells are located near the YSL±EVL junction. Thin arrows
NEM cell cluster demarcates a volume of cytoplasm thatpoint to SYTO-11-labeled NEM/forerunner cells that do not con-
was in cytoplasmic con¯uence with the YSL, prior to thetain Texas Red±dextran (see B). This result indicates that SYTO-
11 can accumulate in NEM/forerunner cells in the absence of a onset of epiboly (Figs. 7 and 8). We conclude from the ob-
cytoplasmic connection to the YSL. (C, D) A different embryo served vesicular labeling patterns later in development (i.e.,
shows a similar mixture of labeled and unlabeled cells. Thick endosomal labeling, see Fig. 7) that cells in the NEM cell
arrows point to SYTO-11-labeled NEM/forerunner cells containing cluster are not in cytoplasmic con¯uence with the YSL sub-
Texas Red±dextran. Thin arrows point to NEM/forerunner cells sequent to the oblong stage of development.
that do not contain Texas Red±dextran. (E, F) A 14-somite-stage It is important to note that the YSL is formed around
embryo viewed from the side with Kupffer's vesicle visible. The
the 10th cleavage cycle (512- to 1k-cell stage). During thisthick arrow points to a forerunner cell that contains Texas Red±
developmental period, the mid-blastula transition occurs indextran; the thin arrow points to a forerunner cell that is devoid
deep cells, as well as in the YSL (Kimmel et al., 1995). Thus,of Texas Red±dextran.
early-acting zygotic gene products generated in the YSL,
including transcription factors, could become regionally lo-
calized in marginal deep cells before they detach from the
YSL around the oblong stage of development.NEM cells remains at the border where the EVL and YSL
come into contact (Figs. 2 and 4). At the dome stage of development, extensive mixing of
blastomeres occurs in the central region of the zebra®sh blas-The morphology and behavior of the NEM cell cluster is
interesting for several reasons. First, the NEM cell cluster's toderm (Helde et al., 1994). In contrast, blastomeres at the
margin of the blastoderm undergo much less cell rearrange-position accurately predicts the site of the developing em-
bryonic axis (Fig. 2). Second, the initial expression pattern ment during early- to mid-epiboly. The lack of mixing of mar-
ginal blastomeres (Helde et al., 1994) may help maintain me-of the dorsal marker gene ntl (Schulte-Merker et al., 1992,
1994), seen at sphere stage, is coincident with the location sodermal patterning around the blastoderm margin, which
appears to be established prior to the onset of epiboly (Kimmelof the NEM cells in late-blastula-stage embryos. Further-
more, ntl is expressed in a group of dorsal marginal deep et al., 1995). Unlike other marginal blastomeres, NEM/fore-
runner cells do not involute during epiboly (Figs. 2 and 4).cells, including the forerunner cells, during late-epiboly
(Schulte-Merker et al., 1994). Third, inductions of second- This lack of involution may provide a mechanism by which
cytoplasmic factors involved in embryonic axis determinationary embryonic axes have been obtained when the dorsal lips
of the blastoderm (locus of the NEM cell cluster) have been could be retained at the dorsal margin of the blastoderm
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throughout gastrulation. This idea is in accordance with previ- 11 uptake into NEM cells must be operative. Since NEM/
ous proposals that morphogenetic determinants, possibly in- forerunner cells remain in direct contact with the YSL from
volved in embryonic axis formation and localized in the vege- mid- to late-epiboly, it is possible that SYTO-11 is steadily
tal portion of the yolk cell, could be transmitted to the blasto- transferred from the YSL to the NEM/forerunner cell cluster
derm via the dorsal YSL (Oppenheimer, 1936a; Tung and during this period.
Tung, 1944; Tung et al., 1945; Long, 1983). There are at least two mechanisms for the transfer of
Localization of these cytoplasmic determinants involved in SYTO-11 from the YSL to the NEM/forerunner cells: (1)
axis determination at the dorsal margin of the zebra®sh blasto- fusion of labeled endosomes with the I-YSL membrane, fol-
derm may be produced by microtubule-based transport. In lowed by endocytosis of the secreted SYTO-11 into NEM/
Drosophila oocytes, for instance, evidence has been obtained forerunner cells; (2) direct phagocytosis of I-YSL membrane
that mRNAs involved in axis determination are moved along and I-YSL cytoplasm, including ¯uorescent endosomes, into
microtubules (Theurkauf et al., 1993; Mahajan-Miklos and NEM/forerunner cells. This latter mechanism has been pro-
Cooley, 1994; Pokrywka and Stephenson, 1995). In midblas- posed to occur in Drosophila embryos during the induction
tula-stage zebra®sh embryos, we have observed that ¯uores- of the R7 precursor cells by the R8 photoreceptor neuron.
cently labeled endosomes in the YCL stream along linear During this cell±cell interaction, the sevenless tyrosine ki-
tracks toward the blastoderm margin (Fig. 1D). This streaming nase receptor (sev) in the R7 cell membrane and the trans-
may occur along microtubule arrays which form a network membrane protein bride of sevenless (boss) in the R8 cell
in the YSL, and which radiate from the YSL into the YCL membrane (Cagan et al., 1992) are internalized and trans-
(Solnica-Krezel and Driever, 1994). ferred to a multivesicular body within the R7 cell.
Prior experiments suggest that the YSL can determine Endocytosis of cell-speci®c receptor±ligand complexes
the location of embryonic axis formation in the pre-epiboly may occur in other inductive cell interactions. In general,
trout (S. gairdneri ) blastoderm (Devillers, 1968; Long, 1983). as receptor±ligand complexes are internalized from the cell
In these experiments, the blastoderm from a gastrula-stage surface, extracellular solutes are also brought into the cyto-
embryo was removed from its underlying YSL and replaced plasm in the form of early endosomes (Gruenberg and Max-
by a blastoderm from a younger, blastula-stage embryo. The ®eld, 1995). Thus, the accumulation of SYTO-11-containing
transplanted blastoderms formed planes of bilateral symme- endosomes in the NEM/forerunner cell population may be
try which matched the marked YSL substratum. Long (1983) re¯ective of receptor-mediated endocytosis and membrane
concluded that the YSL from an older, bilaterally symmetric recycling being triggered by speci®c cell±cell signaling in-
egg can impart its bilateral symmetry to a young, radially teractions in the dorsal margin of the zebra®sh blastoderm.
symmetric blastoderm. Furthermore, Long concluded that The forerunner cell population may also play important
the YSL has the role of transmitting signals that direct the
roles in cell±cell interactions during tail formation. Tail
patterns of cell movements which establish the embryonic
elongation in vertebrates has been considered to be a contin-shield. Long proposed two choices by which the YSL could
uation of gastrulation, since germ tissue organization andimpart bilateral symmetry to the transplanted blastoderm:
segmentation continue in an anterior to posterior direction(1) information materials ¯owing from the YSL into blasto-
(Gont et al., 1993; De Robertis et al., 1994). In amphibians,meres (via cytoplasmic bridges) before morphogenetic
the chordoneural hinge of the embryo is derived from cellsmovements begin; (2) bilateral symmetry imparted to the
at the dorsal margin of the blastopore and has potent orga-blastoderm by signals emanating from the YSL (e.g., secre-
nizer activity when grafted into host gastulae (Gont et al.,tion of informational molecules from the YSL, or contact
1993). Thus, the amphibian organizer region retains its ac-guidance of deep cell movements by the YSL). Although
tivity during tail elongation (De Robertis et al., 1994). InLong considered the former possibility to be unlikely for
addition, the chordoneural hinge continues to expresstrout embryos, we believe that both signal pathways could
Xnot2, a dorsal marker gene which is ®rst expressed at thebe at work in zebra®sh development.
dorsal lip of the blastopore in early-gastrula-stage embryosFigures 1 and 6 show that ¯uorescent probe molecules,
(Gont et al., 1993). In zebra®sh, a homologue to Xnot2,such as SYTO-11 or FITC±dextran, become internalized
¯oating head (¯h), is expressed in forerunner cells duringinto the E-YSL by endocytosis. Similar patterns of endocyto-
both epiboly and the formation of Kupffer's vesicle (Melbysis of the membrane impermeant dye, Lucifer yellow, have
et al., 1996).been previously observed in the E-YSL of Fundulus hetero-
In tailbud-stage zebra®sh embryos, the forerunner cellclitus embryos during epiboly (Betchaku and Trinkaus,
cluster forms the dorsal roof of Kupffer's vesicle (Figs. 5A1986) and in zebra®sh (Solnica-Krezel and Driever, 1994;
and 5B). As the tail of zebra®sh embryos continues to elon-Solnica-Krezel et al., 1995). In our present study of zebra®sh
gate, Kupffer's vesicle and the associated NEM cell clusterembryos, we have found that endocytosed molecules appear
become detached from the YSL (Figs. 5C and 5D). As the tailin both the YSL and the cytoplasm of NEM cells. When
elongates, a portion of the forerunner cell cluster remainsembryos are labeled in SYTO-11 before sphere stage, endo-
localized to the base of the chordoneural hinge (Fig. 5E).somes containing SYTO-11 (or endogenous materials in the
If forerunner cells do secrete signal molecules and trophicYSL) may be transmitted directly to NEM cells from the
factors involved in body axis formation, the cell cluster isYSL along microtubule tracks. However, after NEM cells
detach from the YSL, some other mechanism for SYTO- appropriately positioned in the tail rudiment to promote
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Gruenberg, J., and Max®eld, F. R. (1995). Membrane transport inthe organization of undifferentiated cells, as additional body
the endocytic pathway. Curr. Opin. Cell Biol. 7, 552±563.segments are added during tail growth.
Hammerschmidt, M., and NuÈ sslein-Volhard, C. (1993). The expres-
sion of a zebra®sh gene homologous to Drosophila snail suggests
a conserved function in invertebrate and vertebrate gastrulation.
APPENDIX Development 119, 1107±1118.
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